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Across the globe, millions of hectares of native vegetation have been replaced by
commercial plantations, with negative consequences for biodiversity. The effects of
the replacement of native vegetation with commercial plantations on the functional and
phylogenetic diversity of bat assemblages remain understudied, and most studies have
focused exclusively on the taxonomic component of diversity. Here, we investigate how
the replacement of natural savannahs by acacia plantations affects the α- and β-diversity
of bat assemblages. We sampled bats, using mist-nets at ground level, in natural forest,
savannah areas and acacia plantations, in the Lavrados de Roraima in the northern
Brazilian Amazon. Our results show that, in general, acacia is less diverse than native
forests in terms of taxonomic and functional diversity, and is also less taxonomically
diverse than the savannah matrix which it substitutes. The observed patterns of α- and
β-diversity found in the present study are in large part driven by the superabundance of
one generalist and opportunistic species, Carollia perspicillata, in the acacia plantations.
Taken together, our results show that the replacement of areas of natural savannah by
acacia plantations causes a regional loss in diversity across all diversity dimensions:
taxonomic, functional and phylogenetic. However, further studies are required to fully
understand the ecological and conservation implications of this landscape change.
Keywords: Amazonian ecosystems, Amazonian savannahs, Chiroptera, landscape change, Lavrados de Roraima,
non-forest habitats
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INTRODUCTION
Across the globe, millions of hectares of native vegetation have
been replaced by commercial plantations, such as rice, soybean,
corn, wheat, oil palm, eucalyptus, and acacia (Lepers et al.,
2005; Phalan et al., 2013; Fernandes et al., 2016; Carvalho
et al., 2019). In recent decades, most of these anthropogenic
landscape changes have been concentrated in tropical regions,
where increasing demand for land for commercial plantations
and livestock production are the key drivers of habitat loss
(Boucher et al., 2011; Carvalho et al., 2019; Colli et al., 2020;
Rajão et al., 2020). Brazil is one of the countries in which
deforestation and the conversion of natural landscapes into
agricultural landscapes has been most pronounced (Curtis et al.,
2018). For example, among Brazilian biomes, the Atlantic Forest
retains just 28% of its original forest cover, of which most is
secondary forest and highly fragmented (Rezende et al., 2018),
the Cerrado retains less than 54% of its original cover (Strassburg
et al., 2017), and the Brazilian Amazon has lost 20% of its
original forest cover (Cruz et al., 2020). Beyond these 20%, in
recent years increasing areas of savannah within the Brazilian
Amazon have been transformed into soybean, corn, eucalyptus,
and acacia plantations (Mustin et al., 2017; Carvalho et al.,
2019). The conversion of natural to human-modified landscapes,
together with the associated fragmentation of habitats, can have
irreversible negative consequences for biodiversity.
Habitat loss and fragmentation have been shown to have
negative effects on tropical vertebrates (Willig et al., 2007; Coelho
et al., 2014; Meyer et al., 2016; Saccol et al., 2017; Ramos
Pereira et al., 2018; Aninta et al., 2019; Palmeirim et al., 2020).
For bats, habitat conversion leads to decreased availability of
roosts and food resources, which will affect their presence,
abundance, and behaviour (Jones et al., 2009; Meyer et al.,
2016). The effects of habitat conversion also lead to a decrease
in the genetic diversity of populations (Collevatti et al., 2020),
and loss of richness, taxonomic, functional, and phylogenetic
diversity (Ramos Pereira et al., 2018; Aninta et al., 2019).
However, few studies have evaluated the effect of the conversion
of natural vegetation to tree plantations, such as eucalyptus, on
bat assemblages (see Meyer et al., 2016; Farneda et al., 2020;
Mendes and Srbek-Araujo, 2020 for a review). Those studies
carried out to date have found lower species richness and diversity
of bats in eucalyptus plantations than in unlogged forests (Barlow
et al., 2007) and natural forests (Pina et al., 2013). As these flying
mammals play a key role in maintaining forests and non-forest
ecosystems through seed dispersal and insect suppression, the
loss of bat species has major consequences for the functioning of
these ecosystems (Treitler et al., 2016; Laurindo et al., 2019). In
general, studies carried out in the Neotropics, including Brazil,
show that gleaning animalivorous bats are negatively affected
by landscape changes such as habitat fragmentation, whereas
frugivorous and nectarivorous bats may respond positively to
such changes (Delaval and Charles-Dominique, 2006; Willig
et al., 2007; Meyer and Kalko, 2008; Farneda et al., 2015, 2020;
Meyer et al., 2016; Oliveira et al., 2017). These differential
effects on different groups of bats have manifested as changes
in species composition in human-modified landscapes, with
losses of species, functions and lineages (Aninta et al., 2019;
Farneda et al., 2020).
The consequences of changes in natural habitats can be
even more detrimental to biodiversity and ecosystem services in
savannahs and open-canopy woodlands (Veldman et al., 2015),
such as the Amazonian savannahs, which are not as effectively
protected as other Amazonian habitats (Overbeck et al., 2015;
Carvalho et al., 2019). Amazonian savannahs are a natural mosaic
of vegetation with forest patches, gallery forests and palm forests
of different sizes and structures immersed in a matrix of savannah
(Mustin et al., 2017). So far, at least 100 bat species have been
recorded in these savannahs (Aguirre, 2002; Bernard and Fenton,
2002; Loayza and Loiselle, 2009; Silva et al., 2013; Carvalho
et al., 2018; Lim and Lee, 2018), with studies showing that this
ecosystem has the same species richness, but higher abundance of
bats than continuous forest (Bernard and Fenton, 2002; Carvalho
et al., 2018). In addition, in this natural mosaic of vegetation,
bats have high mobility and readily traverse the savannah matrix
(Bernard and Fenton, 2003; Loayza and Loiselle, 2009), which
may reflect the long history of natural fragmentation in this
landscape, such that species are adapted to the configuration of
forest patches in a mosaic of savannahs (Bernard and Fenton,
2003). However, very little is known regarding the effects of
landscape change on any taxa in the Amazonian savannahs, and
those studies that have been carried out have focused exclusively
on taxonomic diversity (e.g., Piña et al., 2019), despite the
availability of tools to estimate the taxonomic, functional and
phylogenetic dimensions of both α- and β-diversity (Moreno
et al., 2018). Indeed, for vertebrates, studies have been limited to
medium and large-sized mammals, and have shown that richness
and diversity are not impacted (Coelho et al., 2014; Piña et al.,
2019). To the best of our knowledge, the present study is the first
to examine the impacts of landscape change on bat assemblages
in the Amazonian savannahs.
Here, we investigate how the replacement of natural savannah
by acacia plantations affects the α- and β-diversity of bat
assemblages in the northern Brazilian Amazon. Specifically, we
(i) compare bat species richness and the taxonomic, functional
and phylogenetic diversity dimensions between natural areas of
forest and savannah and acacia plantations. In addition, we (ii)
assess between-habitat differences in bat assemblage structure
and species composition, and (iii) estimate the contribution
of the turnover and nestedness component of β-diversity for
taxonomic (TβD), functional (FβD) and phylogenetic (PβD)
β-diversity among the three habitat types. We expect acacia
plantations to have lower taxonomic, functional and phylogenetic
diversity than natural forest and savannah areas, due to the
loss of species, functions and lineages, as has been previously
shown with the replacement of natural vegetation by commercial
plantations in the Cerrado (Pina et al., 2013; Ramos Pereira et al.,
2018). Bats have high mobility and readily traverse the savannah
matrix in Amazonian savannahs (Bernard and Fenton, 2003;
Loayza and Loiselle, 2009), making forest patches and savannahs
taxonomically similar (e.g., Bernard and Fenton, 2002). Thus,
we expect that acacia plantations will change the permeability
of the savannah matrix that they replace, and that as such
bat assemblage composition will be altered in such a way that
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taxonomic, functional and phylogenetic β-diversity will be higher
between acacia plantations and forest than between savannah and
forest. Due to the loss of species, functions and lineages, regarding
β-diversity we expect the species richness difference component
to be of greater importance than species replacement when the
landscape is changed from savannah to acacia plantations.
MATERIALS AND METHODS
Study Area
The study was carried out in the Serra da Lua region, municipality
of Bonfim, state of Roraima, in the northern Brazilian
Amazon (2◦48’24.06′′N and 60◦21’12.85′′W; 2◦42’3.77′′N and
60◦21’18.39′′W; Supplementary Figure S1). The average annual
temperature in the region is 26◦C, and precipitation ranges from
1,700 to 2,000 mm year−1 (Barbosa, 1997). The Serra da Lua
region is part of the “Lavrados de Roraima” (also known as
the Guyana savannahs), the second largest block of Amazonian
savannah (Carvalho and Mustin, 2017). This region is currently
threatened by the replacement of its natural habitats with
commercial tree plantations, plantations of grains and pulses,
pastures for domestic cattle, uncontrolled fires, and mining
(Barbosa et al., 2007; Carvalho and Mustin, 2017; Carvalho et al.,
2019). The study region is a mosaic of planted forests of Acacia
mangium, remnants of “lavrado” (local name for savannah),
forest patches and gallery forests (Supplementary Figure S1).
Between the late 1980s and early 1990s, most of the natural
savannahs in the area were cleared and converted to cattle
pasture. However, after 8–10 years the areas were abandoned
and monocultures of A. mangium were established to supply raw
material to both the sawn products industry, and to energy and
paper production (Toledo and Nascimento, 2019).
Our data were collected in permanent plots in four
modules, established according to the RAPELD standard
(Rapid Assessment Protocol for Long-term Ecological Studies;
Magnusson et al., 2005) as part of the long-term ecological
research of the Biodiversity Research Program (PPBio)1. Each
module was comprised of two parallel trails of 5 km, 1 km apart
from each other. Each trail contained five plots of 2 × 250 m
(0.05 ha), totalling 10 plots per module. Out of the total of 40
permanent plots in our study area, we chose six plots in forest,
four in savannah and six in acacia plantations (Supplementary
Figure S1), based on maximum possible variation in age and
vegetation structure within habitat types. Two additional plots
in savannah were set up outside the modules, as there was no
possibility of access to the savannah plots within the modules
during the time this study was carried out, due to poor road and
trail conditions. Therefore, a total of 18 plots were sampled, six
in each habitat type: forest, savannah and acacia plantation. The
age of planting in the plots in acacia plantations varied between
11 and 17 years (mean = 13.4± SD 2.30).
The forest is the most tree species rich habitat (286 species) in
the study area and also the most complex in structure, with a high
density of trees (∼3,500 stems > 1 cm diameter ha−1), widely
1http://ppbio.inpa.gov.br
variable in stem size, from 1 to 96 cm (mean∼6 cm), and canopy
height around 20 m with large trees of several species (> 30 cm in
diameter) reaching up to 40 m in height. The acacia plantations
have around six times fewer tree species (48 species) than natural
forests and are less heterogeneous, with tree density (∼1,550
stems ha−1) half that of natural forests and stem diameter being
less variable, ranging from 1 to 57 cm (mean ∼14 cm). The
canopy is almost exclusively made up of A. mangium and is
lower than the native forests (∼15 m), with few trees in the
older plantations reaching 30 m in height. Forest pioneer species
such as Cecropia spp. (Moraceae) and Vismia spp. (Hypericaceae)
colonise the understorey of the plantations. The grassy stratum
still remains in the understorey of plantations with an open
canopy, but Piper spp. (Piperaceae) and several herbaceous
species are abundant under more closed canopies. The savannah
has a dominant grassy vegetation stratum interspersed with trees
which are generally small in diameter (1–53 cm, mean ∼7 cm),
short in stature (mean of ∼3 m and a few trees up to 10 m)
and stem density is around 1,800 stems ha−1. More detailed
botanical data for the study plots used in this study are available in
Toledo and Nascimento (2019).
Bat Capture
We captured bats during one night in each plot, between July and
August 2017, using nine mist-nests (12× 3 m; 14 mm mesh size)
set in the understorey. This sampling period fell within the rainy
season, the time of year with the highest bat capture rates in the
northern Brazilian Amazon (Carvalho et al., 2018). The mist-nets
were set up at dusk, around 18:00 h, and were kept open until
00:00 h. The total sampling effort, calculated according to Straube
and Bianconi (2002), was 34,992 m2∗h, being 11,664 m2∗h for
each of the three vegetation types sampled.
Captured bats were removed from the nests and placed in
cotton bags for later identification. Bats were sexed, weighed and
identified in the field according to Lim and Engstrom (2001);
Gardner (2008), López-Baucells et al. (2016), and Reis et al.
(2017). Species nomenclature follows Garbino et al. (2020). For
the genus Pteronotus, we consider all individuals as Pteronotus
spp. because we cannot be certain if the species are P. alinotus
or P. rubiginosus, recently recognised for this region (Thoisy
et al., 2014; Pavan et al., 2018). All applicable institutional and/or
national guidelines for the care and use of animals were followed.
Also, the fieldwork, handling, and processing of all captures
followed the guidelines of the American Society of Mammalogists
(Sikes et al., 2016).
Functional Traits
From our capture data and the literature, we compiled data on
four functional traits to estimate α- and β-functional diversity:
(1) body mass, (2) diet, (3) vertical stratification, and (4) wing
morphology (Supplementary Table S1). Body mass was based
on the average body mass of each species captured in each
habitat, excluding pregnant females and juveniles. For species
that had no more than 10 individuals, we supplemented the
information with body mass data from bats captured in other
locations in the northern Brazilian Amazon (William Carvalho,
unpublished data). Body mass was log-transformed to normalise
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values. Information on diet was obtained from the Ecological
Register database (ecoregister.org; accessed on 15 January 2019—
Alroy, 2017). Thus, we classified the species according to their
specific diet as carnivores, frugivores, insectivores, nectarivores,
omnivores, or sanguinivores. Vertical stratification was based on
the use of vegetation stratum by bats within the forest, being
divided into understorey or canopy species (Kalko and Handley,
2001; Ramos Pereira et al., 2010). Finally, for wing morphology,
we used data from Tavares (2013) and Marinello and Bernard
(2014) for measures of aspect ratio and relative wing loading.
Data Analysis
We restricted our analyses to phyllostomids and the mormoopid
Pteronotus spp., which can be sampled adequately with
understorey mist nets (Kalko et al., 1996). Firstly, we used
Spearman’s correlation to test if species richness, Shannon’s
and Simpson diversity and abundance varied with the age of
the acacia plantations. All correlations were non-significant
(p > 0.05; Supplementary Table S2), so we pooled the
data of the acacia plots. Secondly, we performed a Partial
Mantel test (Mantel, 1967) to assess the presence of spatial
autocorrelation in the data, after accounting for the effect
of habitat type on species composition. For this, we used
Euclidean geographic distance, habitat type, and bat assemblage
similarity among sites to test whether compositional similarity
(using the Bray-Curtis index—Clarke, 1993) was explained by
geographic distance. The result of the Mantel test showed no
spatial autocorrelation in species composition after accounting
for habitat type (r = 0.128; p = 0.113).
For all analyses, except for species richness, we considered
only those species that had more than five captures (see
Supplementary Table S3). We did this because species with few
captures in our study, such as Artibeus concolor, Glossophaga
soricina, and Gardnerycteris crenulatum, are relatively frequently
captured in areas of Amazonian savannahs when higher sampling
effort is employed (see Bernard and Fenton, 2002; Carvalho et al.,
2018). Therefore, we cannot be sure that these species were well-
sampled in our study, and as such removing them should avoid
biasing our results due to our low sampling effort. After this
filtering, we had to remove two plots that were sampled in the
savannah, as they presented none or only one species with at
least five captures. Thus, all analyses were performed using only
four savannah plots.
Alpha Diversity
The α-diversity between the three habitats was compared using
the estimated species richness, dominance (Simpson’s Index D),
taxonomic, functional, and phylogenetic diversity. For all indices,
except for dominance, we used Hill numbers (Hill, 1973). Hill
numbers are defined by the q parameter, which determines the
sensitivity of the measure to relative species abundances and
facilitates comparison of the data (Hill, 1973; Chiu and Chao,
2014). Thus, as q increases, the diversity values become more
sensitive to common species (Chiu and Chao, 2014; Li, 2018a).
For Hill numbers, q = 0 is equivalent to estimated species richness
(species abundance is ignored), q = 1 is equivalent to Shannon’s
diversity (all species are weighted by their abundance), and
q = 2 is equivalent to Simpson diversity (common species receive
greater weight than rare species; Hill, 1973; Chiu and Chao, 2014;
Li, 2018a). To estimate species richness (q = 0), interpolated
and extrapolated species accumulation curves were constructed
in the R package “iNEXT” (Hsieh et al., 2016). These curves
were constructed for each plot and considering a sample size
of twice the smallest sample (52 individuals—total number of
individuals captured in the four analysed plots of savannah), as
recommended by Chao et al. (2014). For taxonomic, functional
and phylogenetic diversity, we used the R package “hillR” (Li,
2018b), considering only the values of q for Shannon’s (q = 1) and
Simpson’s diversity (q = 2), as these two indices take into account
species abundances. For functional diversity, Hill numbers
incorporate species pairwise functional distances calculated from
species traits (Chiu and Chao, 2014), while for phylogenetic
diversity, Hill numbers incorporate a phylogenetic tree (Li,
2018b). For phylogenetic diversity, we used a phylogenetic tree
based on the phylogeny of Jones et al. (2002). Subsequently,
we used a Kruskal-Wallis test to compare species richness,
taxonomic, functional, and phylogenetic diversity between the
forest, savannahs and acacia plantations. Additionally, we used
Dunn’s test, with Bonferroni correction, as a post hoc test to assess
pairwise between-habitat differences.
Bat Assemblage Structure and Species Composition
Differences in bat assemblage composition between habitats
were visualised using a Non-Metric Multidimensional Scaling
(NMDS) ordination. The significance of a grouping by habitat
type was assessed using analysis of similarity (ANOSIM) with
the Bray-Curtis index (Clarke, 1993), applying a Bonferroni
correction. To calculate the contribution of each species to the
observed differences in species composition between habitats, we
used the similarity percentages breakdown (SIMPER) procedure
with the Bray-Curtis index (Clarke, 1993). ANOSIM, SIMPER,
NMDS, Kruskal-Wallis analyses, Dunn’s test, and calculation
of the Simpson’s Index D were carried out in software Past
(Hammer et al., 2008).
Taxonomic, Functional, and Phylogenetic Beta
Diversity
We examined the variation in taxonomic (TβD), functional
(FβD), and phylogenetic (PβD) β-diversity to elucidate the
ecological processes behind the differences in bat assemblages
of these habitats. For this purpose, we measured total β-
diversity using the Jaccard index and partitioned it into
turnover and nestedness components through the β−3 and βrich
indexes (Carvalho et al., 2012) and applied this framework
to TβD, FβD and PβD. For TβD, the two components
were species replacement (TβDTur—species turnover) and
species richness difference (TβDRich—due to loss or gain of
bat species). For FβD, the two components were functional
replacement (FβDTur—functional turnover) and functional
richness difference (FβDRich—due to loss or gain of functional
traits). For PβD, the two components were lineage replacement
(PβDTur—lineage turnover) and lineage richness difference
(PβDRich—due to loss or gain of bat lineages). The β-diversity
components (i.e., βTur + βRich) were computed using rarefaction
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FIGURE 1 | Comparison of taxonomic, functional, and phylogenetic diversity, as well as species richness and dominance of bat assemblages sampled in the forest,
savannah and acacia plantations in the northern Brazilian Amazon in 2017. Different letters indicate a significant difference for diversity indices between habitats.
(1,000 runs) of 104 individuals (as was done to estimate species
richness—q = 0) for each plot. The analyses were conducted using
the beta function of the R package “BAT” (Cardoso et al., 2015).
For these estimates, we used the same functional traits (previously
transformed into a functional tree) and the same phylogenetic
tree mentioned above for α-diversity. Posteriorly, to visualise
the similarity between habitats in terms of TβD, FβD, and PβD,
we used Unweighted Pair Group Method with Arithmetic Mean
(UPGMA) clustering. All necessary packages were run in R,
version 4.0.2 (R Core Team, 2020).
RESULTS
Overview
We captured a total of 528 bats belonging to 29 species, 21
genera and two families (Phyllostomidae and Mormoopidae;
Supplementary Table S3). Carollia perspicillata was the
most captured species in all three habitats, followed by
Artibeus lituratus, Artibeus planirostris, and Artibeus cinereus
(Supplementary Table S3). Seven species were exclusively
captured in the acacia plantations (Chrotopterus auritus, Carollia
brevicauda, Lophostoma brasiliense, Pteronotus spp., Sturnira
lilium, Tonatia maresi, and Trinycteris nicefori). The forest
was the second habitat with the greatest number of unique
species (Artibeus concolor, Glossophaga soricina, Micronycteris
hirsuta, and Vampyriscus bidens). Only one species (Lophostoma
carrikeri) was found exclusively in the savannah. The acacia
plantations also had the greatest number of individuals captured
(385), followed by forest (75), and savannah (68).
Alpha Diversity
There was no significant difference in estimated species richness
between the forest (mean ± SD—7.56 ± 3.61), savannah
(6.94 ± 3.38), and acacia plantations (8.99 ± 2.92; Figure 1 and
Supplementary Table S4). Taxonomic diversity was significantly
lower in the acacia plantations than in forest and savannah, for
both Shannon and Simpson diversity (Figure 1). Dominance
was significantly higher in the acacia plantations compared to
the forest and savannah (Figure 1). Additionally, functional
diversity was higher for q = 1 (Shannon’s diversity) and q = 2
(Simpson’s diversity) in the forest than in the savannah and acacia
plantations (Figure 1). For all other comparisons, including
phylogenetic α-diversity, there were no significant differences
(Figure 1 and Supplementary Table S4).
Bat Assemblage Structure and Species
Composition
Considering all three habitats together, species composition
differed significantly (Global R = 0.63; p < 0.01). However,
this was driven by the difference between the forest and acacia
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FIGURE 2 | Non-metric multidimensional scaling (NMDS) ordination plot displaying the differences in bat species composition between the forest, savannah, and
acacia plantations in an area of Amazonian savannah in the northern Brazilian Amazon. The NMDS was performed on a Bray-Curtis similarity matrix.
plantations (R = 0.62, p < 0.01) and between the savannah and
acacia plantations (R = 0.40, p = 0.04), and not between the
forest and savannah, where species composition did not differ
(R = 0.01, p = 1.0). These differences and similarities between
species composition were further supported by the NMDS, which
showed a clear separation between the acacia plantations and
the other two habitats (Figure 2). Together, C. perspicillata
(70%), Mesophylla macconnelli (5%), and A. planirostris (4%),
contributed ∼80% to the dissimilarity between the forest
and acacia plantations. All three species had higher average
abundance in the acacia plantations than in the other two habitats
(Figure 3). Carollia perspicillata (70%), M. macconnelli (5%),
and A. lituratus (6%) contributed ∼80% to the dissimilarity
between savannah and acacia plantations. Of these three species,
only A. lituratus had a higher average abundance in the
savannah than in the acacia plantations, with C. perspicillata and
M. macconnelli having a higher average abundance in the acacia
plantations (Figure 3).
Taxonomic, Functional, and Phylogenetic
Beta Diversity
In terms of taxonomic diversity, the savannah and acacia
plantations were slightly more similar than the savannah and
forest, because the β-diversity between these two habitats was
the lowest (TβD = 0.60; Figures 4, 5). The highest value
of β-diversity was found between the forest and the acacia
plantations (TβD = 0.77), with forest and savannah falling in
between (TβD = 0.64; Figure 5). Moreover, for functional and
phylogenetic β-diversity, forest and savannah attained the lowest
values for β-diversity (FβD = 0.30; PβD = 0.24; Figure 5),
being more similar habitats (Figure 4). The savannah and
acacia plantations had intermediate values of functional and
phylogenetic β-diversity (FβD = 0.53; PβD = 0.37; Figure 5), and
the forest and acacia plantations the highest values (FβD = 0.59;
PβD = 0.46; Figure 5).
When we partitioned β-diversity, turnover (βTur) was the
main component of taxonomic and functional β-diversity
between the forest and the savannah, and between the forest
and the acacia (Figure 5). The difference in species richness
and functions (βRich) was the main component of taxonomic
and functional β-diversity between the savannah and the acacia
plantations (Figure 4). On the other hand, turnover was only
the largest component of phylogenetic β-diversity when we
compared the forest with the savannah. Between the forest and
the acacia plantations, and between the savannah and the acacia
plantations, the difference in lineage richness was the main
component of phylogenetic β-diversity (Figure 5).
DISCUSSION
We found that, in general, acacia is less diverse than native
forests in terms of taxonomic and functional diversity, and is
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FIGURE 3 | Average abundance of the 12 most common bat species sampled in forest, savannah and acacia plantations in an Amazonian savannah in the northern
Brazilian Amazon in 2017. The mean abundance values were estimated using the similarity percentages breakdown (SIMPER) procedure. For better visualisation of
the data, the y-axis was expanded below the value of 10.
also less taxonomically diverse than the savannah matrix which
it substitutes. This result is similar to those found in other
studies that have shown lower taxonomic diversity in areas with
eucalyptus plantations in the Cerrado (Brazilian savannah—Pina
et al., 2013), and in the Amazon (Barlow et al., 2007), and with
commercial tree plantations in other ecosystems (Phommexay
et al., 2011; Syamsi, 2013). The observed patterns of α- and β-
diversity found in the present study are in large part driven by
the superabundance of one generalist and opportunistic species,
Carollia perspicillata, in the acacia plantations, and overall the
species composition in the acacia plantations differs significantly
from that in both the forest and savannah habitats. Our results
have direct implications for the ecology of bats in the Amazonian
savannahs, as well as the conservation of these unique and
threatened habitats.
The dominance of C. perspicillata, which is highly abundant
in the acacia plantations, largely drives the lower taxonomic
diversity of the acacia compared with the forest and savannah
habitats. Carollia perspicillata is an opportunistic species that
tends to consume more fruit of pioneer plant species (e.g.,
Piper spp. and Vismia spp.) when they are available (Fleming,
1986; Andrade et al., 2013; Cely-Gómez and Castillo-Figueroa,
2019). These pioneer plant species are found in early successional
secondary forests and forest edges, and are also present in
commercial forest plantations not subjected to understorey
suppression (Bernhard-Reversat, 2001; Laurance et al., 2002;
Toledo and Nascimento, 2019). The acacia plantations in
our study area were not being managed and had a very
dense undergrowth, in which pioneer plant species, such
as Piper spp., Cecropia spp., Anona spp., and Vismia spp.
are very abundant (see section “Materials and Methods”).
Accordingly, C. perspicillata—a generalist species that can adapt
very well to altered environments, using them for foraging
and roosting (Fleming, 1986; Galindo-González, 2004; Castro-
Luna et al., 2007; Cely-Gómez and Castillo-Figueroa, 2019)—
was the most abundant species in this study, and the most
common species in the acacia plantations. In the timber industry,
understorey clearing is a common management practise in forest
plantations. Forest plantations without understorey clearing,
where management has ceased or for some other reason is
less intensive than that which would usually be carried out,
provide a less hostile habitat for bats and other mammals
than do plantations that are managed more intensively and
which have management regimes that include the suppression
of understorey vegetation (Barlow et al., 2007; Pina et al.,
2013, Piña et al., 2019). As such, we would expect that a
comparison between native habitats and actively managed acacia
plantations would show a greater difference in bat diversity,
with acacia plantations being less taxonomically and functionally
diverse than both forest and savannah habitats. Furthermore, the
superabundance of generalist species in the acacia plantations
in our study area has a series of implications for ecological
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FIGURE 4 | Unweighted Pair Group Method with Arithmetic Mean (UPGMA) clustering of values of (A) taxonomic, (B) functional, and (C) phylogenetic β-diversity for
bat assemblages sampled in the forest, savannah, and acacia plantations in an Amazonian savannah in the northern Brazilian Amazonia in 2017.
FIGURE 5 | Values of taxonomic (TβD), functional (FβD), and phylogenetic (PβD) β-diversity and percentage of each of the components (βTur and βRich) that make up
the total β-diversity for the bat assemblages sampled in the forest, savannah and acacia plantations in an Amazonian savannah in the northern Brazilian Amazonia in
2017. The black dots inside the bars represent the total β-diversity values of each partition (z-axis). For, Forest; Sav, Savannah; Aca, Acacia.
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interactions, seed rain, and subsequently for habitat quality for
bats and other species.
Beyond the increase in abundance of generalist species such as
C. perspicillata, our results also show that some more specialised
species, such as gleaning animalivores Chrotopterus auritus
and Lophostoma brasiliense, and the insectivorous Pteronotus
spp. use the acacia plantations in the vicinity of Amazonian
savannahs. These are species typically associated with intact forest
environments (Fenton et al., 1992; Farneda et al., 2015), and
were not captured in the natural savannah matrix. Preliminary
data for the savannahs of the state of Amapá, northeastern
Amazon, where the savannah matrix was replaced by eucalyptus
plantations (William D. Carvalho—preliminary data) also show
these gleaning animalivores using the plantations. This suggests
that for some specialist, forest-associated species the substitution
of savannah vegetation with commercial tree plantations may
increase permeability. However, it is important to highlight that
the Amazonian savannahs are a natural mosaic of vegetation with
patches of forest, gallery forests and palm forests of different
sizes and structures immersed in a matrix of savannah (Mustin
et al., 2017), and bat species that occur in these areas are adapted
to use these different types of habitats, easily traversing the
landscape (Bernard and Fenton, 2003; Loayza and Loiselle, 2009).
In contrast, a study in the Cerrado biome found that gleaning
animalivores did not use the eucalyptus plantations (Pina et al.,
2013). Further studies are required, focussing on landscape
use by bats, in order to understand how the substitution
of savannah vegetation with commercial tree plantations in
the Amazonian savannahs affects matrix permeability and
subsequently connectivity between forest patches.
Furthermore, despite the occurrence of some forest-
dependent species in the acacia plantations (e.g., Lophostoma
silvicola and Pteronotus spp.), assemblages in this habitat
were less functionally diverse than the forest habitats for both
Shannon (q = 1) and Simpson diversity (q = 2). This may again
be largely driven by the superabundance of C. perspicillata
in the acacia plantations, increasing the weight of shrub
frugivores in the functional diversity index. This pattern,
in which the acacia plantations are less functionally diverse
than the forest, is also in part driven by the higher structural
complexity of forests compared to acacia plantations, favouring
the presence of a greater number of species with different
functions, as in other Amazon regions (Farneda et al., 2018;
Carrasco-Rueda and Loiselle, 2019).
Functional and phylogenetic β-diversity were always higher
between the acacia and each of the natural habitats, than between
the forest and the savannah. Thus, our results show that the
replacement of savannah by acacia plantations increases the
dissimilarity with forests. Functional β-diversity between the
acacia and the forest areas is driven slightly more by turnover
than richness, and phylogenetic β-diversity more by richness than
turnover. However, it is the loss of functions and lineages, much
more than turnover, that drives the erosion of functional and
phylogenetic diversity when acacia plantations replace savannah
areas. Other studies carried out in the Cerrado and Amazon
biomes have already shown the loss of bat species, their functions
and lineages in human-modified landscapes in comparison with
areas of native vegetation (Ramos Pereira et al., 2018; Aninta
et al., 2019; Farneda et al., 2020). As such, the multidimensional
approach used here is powerful and goes beyond merely species
richness and taxonomic diversity. By examining the functional
and phylogenetic components of diversity, we are able to move
away from exploring only the patterns of diversity, and can
instead begin to understand how the substitution of native
vegetation with plantations is impacting ecosystem processes.
For example, the loss of a particular species does not necessarily
have an impact on ecosystem functioning, but the loss of certain
functions could have important implications for the ecosystem as
a whole (Gitay et al., 1996). Similarly, while the loss of a particular
species from an area may have conservation implications, when
that species carries a unique evolutionary history and its loss
represents the loss of a lineage, the implications for conservation
are amplified (Aninta et al., 2019). In this study, by considering
α- and β-taxonomic, functional, and phylogenetic diversity, we
have been able to show that the replacement of areas of natural
savannah by acacia plantations causes a regional loss in diversity
across all diversity dimensions.
Despite the limited sampling in this study, and the use of
mist nets only at ground level, our results are similar to those
of other studies carried out throughout South America (Ramos
Pereira et al., 2018; Farneda et al., 2020), particularly in the
Amazon (Willig et al., 2007; Farneda et al., 2015; Aninta et al.,
2019). Also, the sites sampled were spatially grouped by habitat,
with the sites in forest very close to each other, compared
with the sites in the savannah and those in acacia plantations.
However, our initial spatial analysis, incorporating geographic
distance, habitat type, and bat assemblage similarity, suggested
that there was no influence of the sampling design on our
results. We show that, although the acacia plantations partially
retain the taxonomic, functional and phylogenetic diversity of the
forest bat assemblages, they are significantly less taxonomically
and functionally diverse than the forests themselves, and the
diversity they retain may reflect their proximity to forest
patches. In addition, the proximity of acacia plantations to
forests can also have an indirect negative effect on forest bat
assemblages, and this should be investigated by future studies.
Acacia plantations seem permeable to some species of bats,
providing increased availability of food for generalist species such
as C. perspicillata, and potentially acting as corridors for forest-
dependent species such as L. silvicola. However, the replacement
of savannah by acacia plantations leads to the loss of species,
functions and lineages in the bat assemblage. Furthermore, the
superabundance of generalist species in our study area has
a series of ecological and conservation implications. As such,
taken together our results suggest that acacia plantations in the
Amazon are not appropriate to use in offset programmes that
aim to reforest or in forest compensation schemes. However,
this type of plantation tends to be used by a wider range of
species than other types of plantations, such as herbaceous crops,
or pasture, and as such may be comparatively less negative
for biodiversity (Barlow et al., 2007; Brockerhoff et al., 2013;
Carrasco-Rueda and Loiselle, 2019). That being said, there is
an alternative route for sustainable economic development in
the Amazon savannahs and in the region as a whole. Given
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that the replacement of native savannah and forest vegetation
with acacia plantations has negative impacts on bat diversity, we
recommend that joint conservation and development initiatives
such as The Amazon Third Way (Nobre and Nobre, 2018)
should be supported and expanded. The Amazon Third Way
proposes an innovative bioeconomy based on the aggregation
of value to sustainably harvested non-timber forest products
(NTFPs), building capacity in local communities and traditional
populations, and combining traditional knowledge with state-of-
the-art technology to generate jobs along the supply chain and
develop the regional and national economy in a socially just
and environmentally sustainable way (Nobre and Nobre, 2018).
This idea is innovative, but is also based on a long history of
projects that aim to support the aggregation of value to NTFPs
and thus value the standing forest whilst providing sustainable
and culturally appropriate livelihoods to local communities
and traditional populations. In conclusion, further studies are
required to fully understand the ecological and conservation
implications of the conversion of native habitats to commercial
tree plantations in the Amazon, but there is also a need to
critically evaluate the local, regional and national social and
economic impacts of this type of commercial activity and in
particular to compare them to more socially, environmentally,
and economically sustainable alternatives.
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